The vast amount of organic carbon (OC) stored in soils of the northern circumpolar permafrost region is a potentially vulnerable component of the global carbon cycle. However, estimates of the quantity, decomposability, and combustibility of OC contained in permafrost-region soils remain highly uncertain, thereby limiting our ability to predict the release of greenhouse gases due to permafrost thawing. Substantial differences exist between empirical and modeling estimates of the quantity and distribution of permafrost-region soil OC, which contribute to large uncertainties in predictions of carbon-climate feedbacks under future warming. Here, we identify research challenges that constrain current assessments of the distribution and potential decomposability of soil OC stocks in the northern permafrost region and suggest priorities for future empirical and modeling studies to address these challenges.
Introduction
Perennially frozen soils of the northern circumpolar region (19 million km 2 or 16% of the global soil area; Tarnocai bbcc.su.se/data/ncscd/) and baseline ESM estimates calculated from the mean values in four CMIP5 models (BCC-CSM1.1, CanESM2, MIROC-ESM, and GFDL-ESM2M). Brown (+ sign) identifies overpredictions by models compared to observation-based data; white shows tentative agreement; and blue (− sign) shows model under-predictions.
et al 2009) store one of the largest reservoirs of organic carbon (OC) in the terrestrial biosphere (1672 Pg). Several unique processes of organic matter accrual-including peat accumulation (Gorham 1991) , intermittent burial by windblown and waterborne sediments (Schuur et al 2008) , and cryoturbation (Michaelson et al 1996 , Bockheim 2007 )-coupled with the low temperatures of the high latitudes have sequestered OC in circumpolar soils for millennia. Cryoturbation is a process that dominates soil genesis in northern circumpolar regions, and it results in the displacement and mixing of soil materials due to frost churning (Washburn 1980) , and differential frost heaving actions (Van Vliet-Lanoë 1991) . Thus, the amounts of OC contained in permafrost-region soils cannot be predicted by the carbon dynamics expected from current rates of primary production and organic matter turnover in the region. Anticipated changes in climate are likely to cause widespread permafrost thaw, leading to mineralization of this previously frozen carbon (Schuur and Abbott 2011) . As a consequence, potentially large releases of greenhouse gases (GHGs) could cause a positive feedback to global climate change, resulting in further warming (Zhuang et al 2006 , Koven et al 2011 , Schaefer et al 2011 , Burke et al 2012 , MacDougall et al 2012 , Schneider von Deimling et al 2012 . At present, a potential discrepancy exists between observation-based estimates of soil OC (SOC) stocks in the circumpolar permafrost region and the baseline SOC stock estimates simulated by Earth system models (ESMs) to enable predictions of future carbon-climate feedbacks (figure 1). These inconsistencies are primarily due to differing environmental controls of SOC considered both in observations and ESMs (Todd-Brown et al 2013) . Recent assessments using ESMs predict very large ranges in SOC losses from permafrost (17-508 Pg C by 2100) under higher end GHGs emission scenarios (Special Report on Emissions Scenarios A2 climate change scenario and representative concentration pathway 8.5), which demonstrates the large uncertainty for current predictions of carbon-climate feedbacks from climate warming in permafrost regions (Zhuang et al 2006 , Koven et al 2011 , Burke et al 2012 , MacDougall et al 2012 . Projections of permafrost degradation, and associated estimates of the permafrost carbon feedback, vary widely due to differences in how models represent the effects of soil organic matter and snow on surface thermal conductivity (Koven et al 2013) .
The median of available estimates (11 model ensemble) of cumulative emissions by 2100 from thawing permafrost is 100 Pg C (Schaefer et al 2012) . Based on the standard deviation of the model ensemble, the uncertainty range is 56% or ±53 Pg C. Major sources of uncertainties in above estimates include; unknown quantity of permafrost carbon, mobility of dissolved organic matter into lakes and oceans, potential enhanced peat growth, and the development of thermokarst features (Camill et al 2001 , Schaefer et al 2012 , Koven et al 2013 . A sensitivity analysis has revealed that after the climate model scenario itself, the second greatest source of this uncertainty was the distribution of SOC stocks (Burke et al 2012), which highlights the critical need for resolving the differences illustrated in figure 1. Although recent efforts have greatly improved estimates of the quantity, decomposability, combustibility, and distribution of permafrost-region SOC stocks (e.g., Zimov et al 2006 , Ping et al 2008a , 2010 , Schuur et al 2008 , McGuire et al 2009 , Tarnocai et al 2009 , Harden et al 2012 , Hugelius et al 2012 , these estimates are still poorly constrained because of logistical difficulties limiting widespread sampling efforts in this remote environment , Kuhry et al 2010 . Consequently, these empirical estimates are still large sources of uncertainty in efforts to predict and validate carbon-climate feedbacks (e.g., Schaefer et al 2011 , Koven et al 2011 , Burke et al 2012 , Schneider von Deimling et al 2012 . Thus, improved fine-resolution, three-dimensional observational estimates of the distributions of permafrost-region SOC stocks and their potential decomposability would be important resources for development and testing of ESMs. In this study, we identify and synthesize several research challenges for improving empirical estimates of permafrost-region SOC stocks and, where possible, suggest pathways or recommendations for effectively addressing them.
Improving the number and robustness of observations
Advances in the understanding of circumpolar region SOC stocks have come through the efforts of a large number of scientists and international collaborations. For example, the Northern Circumpolar Soil Carbon Database (NCSCD), developed as a collaborative effort by scientists from Canada, the United States, Russia, and Europe, holds data for 1778 pedons or profiles (the basic soil unit used for the classification and sampling of soils) containing information on soil C content across the entire permafrost region (Tarnocai et al 2009 , Hugelius et al 2013 . Yet the amount of data is small relative to temperate or other regions of the world primarily due to logistical difficulties, extreme working conditions, and the cost involved with accessing remote areas. The soils in permafrost regions are undersampled, both spatially and vertically, especially below the active layer (Ping et al 2008a , 2010 , Kuhry et al 2010 , Johnson et al 2011 . Existing databases vary considerably in terms of sampling depth and protocols, analytical methods, and the overall reliability of the data (Hugelius and Kuhry 2009, Hugelius et al 2013). Therefore, significant risks for biased conclusions exist due to inadequate and uneven distributions of SOC profile observations in permafrost regions. The samples were taken at varying depth intervals, and, in some cases, without regard to genetic soil horizons. For instance, the depth of soil samples ranges from 10 to 300 cm in the Alaska soil characterization database (NSSL 2010), even though deeper soil carbon stores are known to exist due to the preservation of ancient organic deposits (Tarnocai et al 2009) . Importantly, spatial distributions are unbalanced, leaving vast, often remote, areas of the region completely unrepresented in existing databases (e.g., NSSL 2010). A recent compilation of pedons with data available at depths >100 cm (figure 2) demonstrates the scarcity of data available to accurately describe SOC stocks stored below a depth of 1 m. Similarly, very few observations exist from deeper alluvial deposits and ice-rich Pleistocene (yedoma) deposits that store immense amounts of SOC in portions of the Arctic landscape (Tarnocai et al 2009) . Without samples that adequately represent these areas, many uncertainties in deep C stocks and their distribution will remain.
The NCSCD has quantified SOC stocks to 3 m depths for the northern circumpolar permafrost region; see Hugelius et al (2013) for a full technical description. This database links digitized regional soil maps to mean SOC stock values derived from 1778 pedons. The permafrost regions of Alaska and Canada are represented by 131 and 1038 pedons, respectively, but the database contains only 609 pedons from the Eurasian permafrost region, all in Russia. For the Eurasian sector, additional data from Batjes (1996) were used for those soil orders that were not represented in the available pedon database. Using the NCSCD, Tarnocai et al (2009) estimated SOC stocks for the upper 100 cm of the entire northern circumpolar permafrost region with an average data density of one sample per ∼10 500 km 2 (1778 pedons for a 18.8 × 10 5 km 2 land area). Even with comparatively higher sample densities available for Alaska (one sample per ∼2500 km 2 ), Mishra and Riley (2012) found that the overall density and uneven distribution of available samples were insufficient to fully characterize SOC dependence on climate, edaphic factors, and land cover types. Johnson et al (2011) also reported the need for additional observations from permafrost horizons and wetlands of Alaska and recommended increased sampling along longitudinal gradients that might be more representative of climate regimes in Alaska.
Future sampling activity should capture the spatial variability of environmental soil-forming factors (i.e., climate, vegetation, topographic relief, parent material, and age of soils) at scales needed to facilitate geospatial extrapolations across large expanses of remote landscapes. In addition to these factors, the cryogenic processes such as differential frost heaving that result in patterned ground and cryoturbated soils (high-and low-centered polygons, frost boils, hummocks, pingos, etc) are an integral part of northern permafrost regions (Michaelson et al 1996 , Bockheim and Tarnocai 1998 , Vandenberghe 1988 , Bockheim 2007 , Ping et al 2008b , 2013 , Tarnocai and Bockheim 2011 . Using the NCSCD database, we approximated 19% of the soil area (3.6 million km 2 ) to be cryoturbated. The impact of these features on the heterogeneity of SOC stocks needs to be considered when upscaling to regional scale databases. Future sampling efforts targeted at reducing the variability and error propagations associated with the heterogeneity created by these cryogenic processes could help to reduce the uncertainties associated with regional carbon accounting (Hugelius 2012). Moreover, additional samples are needed below a depth of 1 m, especially from areas with deep carbon stocks (such as yedoma and deltaic deposits). Future sampling efforts should seek to capture the variability in topographic features (both macro-and microtopography), age of soils, land cover types (e.g., wetlands, forest, and tundra), and fire history, to enhance upscaling efforts.
Although many studies demonstrate the value of detailed ancillary information for optimization of soil sampling (Minasny and McBratney 2006, Simbahan and Dobermann 2006) , for large parts of the northern circumpolar permafrost region such detailed information is not available. Therefore, additional replicates that are critical for reliable estimates of SOC in permafrost terrain should be taken following a recommended work order and sampling protocol: (1) identification of geographic regions that are currently undersampled, with special regard to regionalscale factors such as bioclimatic zones or gradients and landscape age (including late quaternary glaciation history); (2) consideration and evaluation of the uncertainties associated with existing data for a particular region (Hugelius 2012); (3) implementation of stratified random sampling approaches that account for relevant combinations of local-scale soil-forming factors such as parent material, topographic relief, cryogenic processes, land cover or soil chronosequences (Hugelius et al 2011); (4) collection of soil samples in the context of the depth distributions of genetic horizons throughout the entire soil profile; and (5) measurement of organic and inorganic carbon and nitrogen concentrations, bulk density, coarse fragments, and ice content on specific soil horizons. Ideally, pedons should be described and sampled following suggested sampling protocols (Ping et al 2013) , but in those cases where logistical constraints or lack of cryo-pedological expertise hampers exhaustive sampling and description of pedons, sampling should be carried out by following the general guidelines laid out in field sampling forms presented in the supplementary material (available at stacks.iop.org/ERL/8/035020/mmedia).
Predicting spatial and vertical distributions of SOC stocks
Frequently used global estimates of SOC stocks (Post et al 1982 , Batjes 1996 , Jobbagy and Jackson 2000 have been shown to substantially underestimate northern circumpolar SOC stocks (Ping et al 2008a , Tarnocai et al 2009 . Earlier global estimates were limited to the upper 1 m of the soil profile and/or generally assumed SOC depth distributions comparable to those of more temperate regions and reflective of existing vegetation. These studies did not account for the considerable amount of carbon stored at depth due to cryoturbation and buried frozen deposits that developed in unglaciated areas of North America and Eurasia during the late Pleistocene (Höfle and Ping 1996 , Tarnocai et al 2009 , Schirrmeister et al 2011 . Focusing specifically on the northern circumpolar permafrost region, Tarnocai et al (2009) estimated that the soils of this region store 1672 Pg of carbon-an amount more than twice the carbon in the atmosphere and comparable to accepted global estimates for the surface meter of soils (Post et al 1982 , Batjes 1996 , Jobbagy and Jackson 2000 . Yet this and other recent estimates of carbon stocks in permafrost-region soils (Ping et al 2008a , 2010 , Bliss and Maursetter 2010 , Johnson et al 2011 were made by stratifying the study area (by using soil mapping units, ecoregions, or landscape units), averaging point observations of SOC stocks within each stratum, and multiplying by the areal extent of that stratum. Outside of permafrost areas, this approach has been associated with high estimation errors because the SOC estimates generated by this approach may not represent the soil and environmental heterogeneity that exists within the considered strata (Meersmans et al 2008 , Sanchez et al 2009 .
To address these concerns McBratney et al (2003) , proposed a framework for predicting the spatial distribution of soil classes or specific soil attributes by using spatially referenced soil-forming factors (Jenny 1941) or 'scorpan' factors (other soil properties, climate, organisms, relief, parent material, age, and spatial coordinates) and spatially autocorrelated residuals. Several subsequent studies have demonstrated that this approach can produce more accurate representations of spatial variability of soil properties and reduce prediction errors (Rasmussen 2006 , Meersmans et al 2008 . In permafrost regions, the capability to more accurately represent natural variability is a critical issue, particularly for soils with cryogenic features, including uneven, interrupted, and cryoturbated soil horizons. Mishra and Riley (2012) used a geographically weighted regression approach to predict the spatial and vertical distributions of SOC in Alaska. Though this study reported associated prediction errors, the extent to which the impact of complex cryogenic processes on SOC storage can be accurately described using geospatial approaches remains unknown, particularly for areas with low data availability. Upscaling approaches specific to permafrost regions are needed to more reliably account for the spatial variation of environmental factors and cryogenic processes affecting circumpolar soils, improve spatial extrapolations, and generate better estimates of regional SOC stocks.
The magnitude of carbon-climate feedback associated with different scenarios of future warming in permafrost regions will depend on the depth distribution of vulnerable OC in the active and permafrost layers of the soil profile (Grosse et al 2011). However, efforts to synthesize information on the vertical distributions of SOC stocks for the northern permafrost region in a manner that can be used to inform predictions of the vulnerability of SOC stocks to combustion, hydrologic change, and warming scenarios are only beginning (Harden et al 2012) . Such efforts to represent the vertical distributions of SOC stocks at landscape and regional scales are challenged even more than the accounting of total stocks because (1) the number of samples from permafrost horizons are more limited below a depth of 1 m (figure 2) due to logistical constraints, and (2) the genetic horizons of cryoturbated soils can be warped and can have pockets of highly organic soil intermixed with mineral soil or parent material (figure 3) (Pettapiece 1974, Tarnocai and Zoltai 1978). Thus, efforts to apply consensus sampling protocols as discussed above, need to ensure that generated samples and data can be used to model the vertical distribution of SOC stocks throughout the entire soil profile/strata and predict this distribution across the landscape. 
Characterizing carbon forms and predicting their fate
The spatial heterogeneity of environmental factors and their controls on SOC dynamics exert a dominant influence on terrestrial carbon storage and turnover, creating one of the major uncertainties in model predictions of carbon-climate feedbacks (Schmidt et al 2011) . In addition to the substantial uncertainties surrounding current estimates of SOC stocks, even less is known about the potential decomposability of the carbon stored in permafrost-region soils and how soil carbon forms and chemistry vary across land cover classes or soil types within different ecoregions (Kuhry et al 2010) . Upon thawing, the innate initial decomposability of previously frozen SOC pools depends on the origin and chemistry of the organic matter, organomineral associations, and the extent of mineralization that occurred before these materials were incorporated into permafrost (Dai et al 2002a , 2002b , Kuhry et al 2009 , Xu et al 2009 . In general, most organic matter stored in permafrost underwent some level of decay before its incorporation in perennially frozen horizons (Hugelius et al 2012) . But in syngenetic permafrost deposits (such as yedoma), relatively undecomposed organic materials were sometimes rapidly buried and frozen. Upon thawing, however, the actual rate of decomposition depends on the interactions of numerous controlling factors (such as temperature, aeration, water and nutrient availability, and associations of organic materials with soil minerals) that affect the integrated activities of the microbial community as well as the physical access of decomposers and their enzymes to thawed carbon pools (Davidson and Janssens 2006, Schmidt et al 2011). Ultimately, process-based models will be required to predict the integrated responses of these interactions. The parameterization, calibration, and validation of these models across different soil types and their inclusion into regional models and ESMs will benefit significantly from the identification of biogeochemical indicators that can be used to characterize the lability or decomposability of SOC stocks across the permafrost region (Kuhry et al 2010, Hugelius et al 2012, Burke et al 2012). Efforts to identify indicators of potential decomposability and assess their utility will require measurements coupled to experiments (e.g., laboratory incubations, manipulative field studies) and field observations spanning bioclimatic zones, permafrost degradation, and disturbance gradients.
Using observation-based SOC estimates to inform models
Several recent studies have improved the representation of high-latitude SOC dynamics in global-scale models (e.g., Lawrence et al 2008, Schaefer et al 2011 , Koven et al 2011 . However, substantial differences remain between SOC estimates simulated by models and those derived from observations (figure 1). These differences largely occur because of uncertainties in observation-based SOC estimates caused by extrapolating limited observations, both spatially and vertically, and several limitations of ESM modeling approaches. These limitations include (1) a need to introduce vertical resolution for SOC stocks in models that have typically not considered vertical profiles in SOC dynamics; (2) the highly nonlinear environmental controls on SOC turnover at high latitudes, including freezing/thawing, saturated and/or anoxic conditions, which require high fidelity in modeling the soil physical environment; (3) theoretical and practical difficulties in the methods for initializing the SOC component of ESMs that-as discussed below-are particularly acute at high latitudes; (4) a lack of representation of spatial heterogeneity of soil properties; and (5) a lack of cryogenic processes typical of high-latitude environments, such as cryogenic aggregation and cryoturbation.
The theoretical and practical difficulties in initializing SOC stocks in ESMs arise from a simplifying assumption common to ESMs: that model SOC stocks can be initialized by allowing the model to be forced by repeating cycles typical of past climate conditions until SOC stocks have built up to the point that heterotrophic respiration is balanced by net primary productivity and the model is at an initial SOC equilibrium. This assumption, while likely untrue everywhere (Schmidt et al 2011) , is violated particularly strongly at high latitudes because the long timescale for SOC turnover means that SOC in permafrost persists from prior climates, for example, with the formation of Pleistocene loess or Holocene peat deposits. Different permafrost carbon models have taken different approaches for overcoming some, but not all, of these problems. For example, in some cases, active layer carbon stocks were allowed to be in equilibrium with the current climate while permafrost carbon stocks were initialized to map-based estimates (e.g., Schaefer et al 2011 , MacDougall et al 2012 . In another approach, a slow transport term was defined to allow carbon to migrate from the active layer to permafrost during the model equilibration period to enable shallow permafrost carbon stocks to also equilibrate with active layer stocks (Koven et al 2009), with perhaps a lower boundary to these shallow permafrost processes below which yedoma carbon is initialized (Koven et al 2011) .
If observation-based SOC maps are to be used as model validation data, then the reliability of model simulations can be assessed by comparing the SOC stocks predicted by models, which have included different mechanistic processes, to the observed SOC maps. For example, Koven et al (2011) showed that model simulation of initial equilibrium SOC stocks in permafrost regions can vary substantially depending on whether various freeze/thaw and permafrost processes are included in the model. The accuracy of alternative model simulations of baseline estimates (and the processes used to generate them) can only be evaluated against high-quality observational data and reliable three-dimensional geospatial extrapolations of these data.
Alternatively, if permafrost SOC maps are to be used as model initialization states, then the three-dimensional structure of SOC stocks and a clear observation-based boundary between active layer and permafrost SOC are needed. In addition, carbon associated with organic and mineral soils needs to be separated, both geographically and by soil horizons, so that models correctly partition the SOC by the appropriate controls on SOC turnover. An estimate of combustibility, decomposability, or vulnerability to degradation is needed to inform the further partitioning of SOC into labile versus slow turnover pools of soil models. Lastly, the uncertainty associated with empirical SOC estimates is needed if this uncertainty is to be effectively propagated through the models to estimate its impact on emissions.
Quantifying uncertainties in predictions
Addressing uncertainty in both observation-based and modeled estimates of SOC stocks is a critical challenge for reliable predictions of carbon-climate feedbacks. The databases currently available for permafrost regions, for example, the NCSCD (Hugelius et al 2013) and the pedons hosted by the International Soil Carbon Network (www.fluxdata.org/nscn/SitePages/ISCN.aspx) are composed of a number of input datasets of variable depths and details. As a result, many sources of uncertainty and variability exist in current SOC estimates for permafrost regions, including disproportionate numbers of available pedons for certain geographic areas, insufficient data for cryoturbated soil horizons and organic soils, limited bulk density measurements for many pedons, and the large polygon sizes used for upscaling (Kuhry et al 2010 , Johnson et al 2011 , Hugelius 2012 . Likewise, different predictive factors used for upscaling to regional estimates of SOC stocks come with their own inherent errors. To date, quantitative estimates of uncertainties associated with permafrost SOC stocks are only available from one local/regional study from the western Russian Arctic (Hugelius 2012). Therefore, uncertainty quantification should be included with any efforts to update SOC stock estimates for the entire northern circumpolar permafrost region.
Sensitivity analysis can be used to identify the most important predictive factors for estimating and extrapolating the distributions of SOC stocks in permafrost regions (Ogle et al 2003 , VandenBygaart et al 2004 , Mishra et al 2012 . Spatial analysis can be used to optimize the choice of additional sampling sites by identifying which soil types, land cover types, landscape positions, and bioclimatic zones have adequate representations versus those that require more samples to reduce uncertainty (Minasny and McBratney 2006, Hugelius et al 2012) .
Similarly, uncertainty also exists in predicting carbonclimate feedbacks due to permafrost thawing and future warming using ESMs. In a modeling study of the impact of permafrost carbon release on global mean temperatures by 2100, Burke et al (2012) found that (1) uncertainty in climate model warming scenarios caused about half of the spread in predicted global warming, (2) uncertainties in the distribution (mainly vertical) of SOC contributed roughly one quarter, and (3) uncertainties in the potential decomposability of SOC and decomposition processes together accounted for the other quarter. Although the land models that are used at global scales lack accurate representation of many of the necessary mechanisms to represent SOC dynamics (Schmidt et al 2011) , we conclude that uncertainty in predicting carbon-climate feedback could be reduced if high-resolution maps of SOC stocks that delineate the active and permafrost layers of the entire soil profile were available at a resolution similar to those of other environmental attributes (e.g., bioclimatic zones, geomorphology, hydrology, fire regime, and land use). Additionally, initial analyses suggest that the coupling of such geospatial delineations with indicators of the inherent decomposability of the SOC subjected to thawing would further contribute to reducing the uncertainties of carbon-climate feedback predictions (Burke et al 2012, Hugelius et al 2012).
Conclusions and future directions
Over the last two decades, substantial progress has been made in estimating carbon stored in soils of northern circumpolar permafrost regions. Still, the magnitude of the carbon pool at risk and its potential interactions with the Earth's climate warrants further research to improve characterization of the three-dimensional distributions and potential vulnerability of the region's SOC stocks. The challenges to achieving this goal are not independent and are logically linked, such that iterative research efforts can help reduce the uncertainties associated with SOC estimates in permafrost regions and predictions of their role in carbon-climate feedbacks (figure 4). A coordinated effort among North American and Eurasian research programs will be essential to the further improvement of circumpolar estimates. If possible, pedons should be sampled and described following established soil sampling protocols and a soil classification system adapted to the specific requirements of cold-region soils. Reaching a global consensus toward this might need a comprehensive workshop focused on developing sampling protocols and analytical standards. Since soil properties, including carbon concentration and bulk density, vary vertically on the basis of soil horizons, it would be ideal if SOC stocks can be quantified vertically by genetic horizons. Methods for assessing and coping with fine-scale heterogeneity and its implications for sampling and upscaling are also needed. Although regional estimates of SOC stocks are all grounded on the application of pedogenic process understanding at some scale, development and application of alternative approaches for geospatial extrapolations based on the increasing availability of high-resolution geospatial representations of multiple soil predictive factors can be helpful in reducing prediction errors.
Predictions of the potential for SOC losses in response to permafrost thaw or disturbance can be enhanced by mapping biogeochemical indicators of SOC quality or potential decomposability in addition to SOC stocks (Hugelius et al 2012 , Schaedel et al 2012 . Statistical uncertainty analyses are needed to evaluate extrapolation procedures and predictions and to inform additional sampling needs and efficiency. Lastly, further steps should be taken to incorporate cryogenic processes specific to high-latitude conditions into models for reliable prediction of permafrost SOC climate feedbacks. However, the validation of process representations and testing of model simulations require investment in the efforts outlined here to reduce the uncertainties associated with observational data. We see these challenges as opportunities for the permafrost research community to organize, prioritize, and coordinate the allocation of efforts and resources. Tarnocai C and Zimov S 2009 Report 
